The template-mediated preparation for ZnO nanowire arrays was conducted by electrophoretic deposition ͑EPD͒ within the channel of anodic alumina membrane ͑AAM͒ template in this study. The influence of annealing temperature on the structure and dielectric properties of AAM template is investigated, and the related deposition mechanisms and morphologies of ZnO nanowire arrays at different AAM annealing temperatures and applied voltages are also discussed. The results show that heat treatment strongly affects the microstructure and dielectric properties of AAM templates, which in turn determines the deposition characteristics of ZnO nanoparticles within template during EPD process. The phase of AAM is changed from amorphous to crystalline structure after annealing. In addition, the grain size and dielectric constant of AAM increase as annealing temperature increases. The breakdown characteristic of AAM is closely related to the oxygen vacancy and grain size of AAM itself, and the applied voltages. The morphologies of ZnO nanowire arrays and current-time curve during EPD are determined by the breakdown behaviors of AAM templates and the applied voltages.
I. INTRODUCTION
In recent years, there has been increasing interest in the fabrication of one-dimensional nanostructures because of their potential applications. To obtain scaled-up functional devices highly ordered nanowire or tubule arrays is essential. As a wide band gap semiconductor, ZnO is of interest for low-voltage and short-wavelength optoelectronic devices. Many methods, which employ the route of templatemediated synthesis, have been proposed to fabricate ZnO nanofibrils and tubules arrays, such as sol-gel deposition, electrochemical deposition, and chemical vapor deposition. 1, 2 There are some advantages and limitations for each of the above methods. However, electrophoretic deposition ͑EPD͒ proposed here is another effective and controllable method for the fabrication of ZnO nanowire arrays via the assistance of an anodic alumina membrane ͑AAM͒ template. [3] [4] [5] EPD is a process in which particles are charged and suspended in a colloidal suspension and subsequently deposited on to an electrode under the influence of an electric field. 6 The advantages of the EPD process are its speed, low-cost, and applicability to many materials. 7 The template synthesis method has been playing an important role in the fabrication of many kinds of nanowires for its interesting and useful features due to their several unique properties such as a controllable pore diameter and ordered channel arrays. 1, 8 Although many researchers have successfully synthesized the desired nanomaterial arrays and obtained many properties through the AAM template-mediated method, 2, 9 the physical properties of the AAM itself and their consequent effect have not been investigated intensively. However, study of the self-properties of AAM for practical applications is important because there are many factors that may affect the dielectric, electrochemical properties, and photoluminescence of AAM, such as heat treatment and applied electric field. [10] [11] [12] It was reported that high temperature treatments could lead to crystallization of AAM templates and modification of their structure such as surface property, mechanical strength, and chemical resistance. 13, 14 However, very few studies have addressed the relation between the structure and properties of AAM template and deposition characteristics of nanoparticles within template. On the other hand, the electric field also plays an important role in influencing the intrinsic properties of template during deposition. 15 Recently, large numbers of publications concerning electric field have almost been focused on the driving force for particles to deposit on electrode, neglecting the effect of field strength on the electrode materials. However, it has been reported that oxide films could be penetrated by electrons in a tunneling process and dielectric breakdown could occur at moderate potentials. 16 Therefore, in this study, a correlation between the microstructure and dielectric properties of AAM samples under different annealing conditions is proposed. In addition, the relationship between breakdown behavior of AAM and deposition characteristics of ZnO nanowire arrays within AAM at different applied voltage by EPD process is also discussed.
II. EXPERIMENT
The synthetic procedures of ZnO colloidal suspensions for EPD used in this study are similar to that employed by a͒ Author to whom correspondence should be addressed; electronic mail: icleu@mail.mse.ncku.edu.tw Bahnemann, Kormann, and Hoffmann. 17 The ZnO colloidal suspensions were prepared from the zinc acetate ͑ACS reagent grade͒ in 2-propanol ͑ACS reagent grade͒ added with NaOH ͑ACS reagent grade͒. First, a solution of 5.5 ϫ10 Ϫ4 mole of Zn(OAc) 2 •2H 2 O in 80 ml of 2-propanol was prepared at 50°C, which was diluted to 230 ml with 2-propanol and cooled to 0°C. A solution of 20 ml of the 1.25ϫ10 Ϫ2 M NaOH in 100 ml 2-propanol was then added to the Zn(OAc) 2 •2H 2 O solution at 0°C within 1 min under continuous stirring. After aging in a water bath of 65°C for 2 h, a transparent suspension of ZnO particles was obtained.
From the x-ray diffraction ͑XRD͒ and TEM analysis, the wurtzite ZnO phase was obtained and the average particle size was about 4.8 nm. 3 Then, a certain amount of Zn(NO 3 ) 2 •6H 2 O ͑ACS reagent grade͒ corresponding to 8 ϫ10 Ϫ4 M was added to the suspensions as both a binder material and a supporting electrolyte for EPD. The AAM ͑Anodisc, Whatman͒ was commercially available and characterized with 200 nm pore diameter and the pore density within the range of 10 9 -10 10 pores/cm 2 . The AAM samples were annealed at temperature ranging from 150 to 600°C for 15 h in air.
For the EPD process, a platinum sheet was used as the anode, and AAM attached to a Cu foil ͑AAM/Cu assembly͒ as the cathode. A layer of Au was deposited on the side of AAM to be attached to the Cu foil for enhancing electrical conductivity. The electrodes were set parallel to each other with a separation distance of 2 cm and immersed into the ZnO suspension kept at a constant temperature during EPD. The EPD process was proceeded at voltages from 10 to 200 V using a regulated DC power supply. The AAM/Cu electrodes after 1600 seconds of deposition were removed from the colloidal suspensions and allowed to dry at ambient conditions.
The structure analysis was carried out on a Rigaku D/Max-IV powder x-ray diffractometer with CuK␣ 1 ( ϭ1.54052 Å) as the incident radiation. For scanning electron microscopy ͑SEM͒ observation of ZnO arrays, the AAM was removed from the ZnO/AAM samples by mounting the assembly on a glass using epoxy resin, and then by dissolving the AAM in 0.5 M NaOH solution and washing several times with double-distilled water. The current-time ͑I-t͒ data were recorded by a data acquisition equipment ͑Agilent, 34970A͒ during the EPD process. The relative apparent density, expressed in terms of specific gravity, of the AAM template heated at different temperatures has been measured by the Archimedes method, following the procedures described in ASTM C373-88. The value for each condition was obtained by averaging several pieces of samples and the error to the average value was also determined. The dielectric constant was estimated by capacity measurement of the LCR impedance analyzer ͑HP 4284A͒.
III. RESULTS
The XRD patterns of the AAM templates annealed in air at different temperatures are shown in Fig. 1 . The results show that the crystallinity of AAM can be improved as the annealing temperature increases. The XRD pattern, as shown in Fig. 1͑a͒ , demonstrates that the as-received AAM template has an amorphous structure. As the annealing temperature increases to 300°C or higher, sharp and intense XRD peaks can be observed, which indicates that the AAM becomes crystallized. The obtained peaks can be indexed to boehmite phase, ␥-AlOOH.
10,18 Some nordstrandite, ␤-Al(OH) 3 , also appear at the same time. By the use of Scherrer's equation, 19 the average particle size can be determined from the full width at half maximum of the XRD peak. Taking the line width shown in Fig. 1 , the corresponding grain sizes for AAM start around 51 nm at 300°C and increase slowly with the increasing annealing temperature. Figure 2 shows the SEM micrographs of the deposited nanosized ZnO arrays obtained at 20 and 100 V, respectively. SEM top-view and cross-section images show that ZnO nanowire arrays are very uniform and highly aligned perpendicular to the substrate. It is interesting to find that the deposited products obtained under different processing parameters have the forms of fibrils and tubules with the same length within an array, which demonstrates the processing capability of the EPD in preparing highly aligned and uniform nanosized arrays. In our previous study, [3] [4] [5] it has been demonstrated that the filling characteristics and deposition morphologies of ZnO nanowires are dependent on the voltage applied on the as-received AAM/Cu assembly electrode during the EPD process. However, the structure and crystallinity of AAM change with the heat treatment as shown in Fig. 1 . Therefore, the effects of AAM microstructure on the dielectric properties and deposition characteristics of ZnO nanoparticles deposited within AAM deserve further discussion. The dielectric constant measured as a function of annealing temperature for the AAM template is shown in Fig. 3 . The dielectric constant can be calculated using the formula of kϭCd/ 0 A, where C is capacitance, d is thickness of the AAM film, 0 is the permittivity of free space, and A is the specimen area. The results show that the dielectric constant of AAM increases with the annealing temperature. As the results show in Fig. 3 , the dielectric constant value of the as-received sample is 4.3, which agrees well with the reported values of porous anodic alumina. 11 However, it should be noted that this value is lower than that prepared at a high temperature. In this study, the relative apparent density for amorphous AAM is 1.37Ϯ0.3 g/cm 3 and increases to 2.86 Ϯ0.2 g/cm 3 after annealing at 600°C for 15 h. Besides, the variation of the integrated area ratio of the boehmite to the nordstrandite phase at different annealing temperatures was calculated from XRD patterns. The result shows that the ratio of the two phases is about 2.1 for AAM heat treated at 300°C, and the value increases slightly to 2.3 and 2.4 for the annealing temperatures of 450 to 600°C, respectively. It means that the difference of the amount of the boehmite and the nordstrandite phase is very small at different annealing temperatures. Therefore, it is believed that the lower values of dielectric constant for the as-received AAM are due to the lower density of the amorphous structure. 20 However, the increases in dielectric constant with annealing temperature may be attributed to the increase in crystallinity 21 and density of the AAM films. 22 Similar results have been reported for the increase of a dielectric constant of alumina after increasing densification at a high temperature. 23 Consequently, higher anneal temperatures may lead to higher densities and a higher dielectric constant. In general, a large dielectric constant increases both the film capacitance and the breakdown strength for the same dielectric thickness. 24 Therefore, it is believed that the crystalline structure of AAM provides a higher breakdown strength than the amorphous phase. Moreover, these results also imply that the dielectric properties can be tuned by changing the microstructure of AAM.
In order to investigate the deposition process for different AAM samples, the currents were recorded as a function of deposition time. Figure 4 shows the variation of currenttime ͑I-t͒ curves for the EPD of ZnO suspensions within AAM/Cu assembly electrode deposited at 60 V for different annealed AAM samples. The results show that the characteristic of a dielectric breakdown varies with the annealing AAM samples. In addition, the transient of current value during EPD for an as-received AAM sample is more obvious than that annealed at high temperatures. Typically, three different regions ͑I-III͒ can be distinguished as illustrated in Fig. 4 . When a potential is applied, the decrease of current indicates the electroactive species ͑i.e., salt ions and complexes͒ 25 and ZnO particles consumption within the base of AAM channels and the formation of a diffusion layer 26 ͑Region I͒. Indeed, the diffusion layer is growing into the bulk solution with time and can be defined as the timedependent diffusion regime.
Subsequently, the current curve is found to transit so rapidly at the initial stage of Region II and the measured current rises to several orders of magnitude than the initial current. These indicate that the high electric field makes the dielectric breakdown of the initial insulating AAM. 27 This effect can be explained by the fact that the injected electrons from the conduction band of the cathode travel through the oxide either by jumping over the barrier or tunneling through the oxide at sufficiently large electric fields. 28 The rise in current observed at the high applied voltages is attributed to the AAM dielectric breakdown. Because a large amount of the electroactive species and ZnO particles enter the depletion region toward the electrode when the dielectric property of the AAM has a dielectric breakdown. Therefore, ZnO nanoparticles will deposit within the AAM channel and ZnO nanowire arrays can be obtained. Then, the current reaches a steady state until the ZnO nanowires reach the surface of the AAM in a longer time ͑about 1500s, Region III͒.
The results presented in Fig. 4 suggest that the tunneling barrier of the AAM itself increases with the increasing annealing temperature when it endures to the same field. As pointed out earlier, the defect, grain boundary, and applied voltage in oxide dielectrics are the important factors that affect the behavior of the oxide breakdown. 29, 30 In the case of an ideal, defect-free insulator, the energy barrier should increase abruptly at the band gap. 31 However, it has been demonstrated that there exists many singly ionized oxygen vacancies (F ϩ center͒ within an as-received AAM template. 32 Philipp has observed that the band gap of silica becomes dramatically narrow with increasing oxygen vacancies. 33 Therefore, it is proposed that the energy level of F ϩ center induced by oxygen vacancies in the band gap of AAM is a reason for the decrease of the band gap value. Therefore, the increase of oxygen vacancies in AAM may narrow the band gap of the alumina template. This in turn might reduce the breakdown strength of AAM and transport electrons either by jumping over the barrier or tunneling through the AAM template more easily. This decrease shows the same trend as the results obtained in Fig. 3 .
However, when the annealing temperature rises, the crystallinity and grain sizes of AAM increase. It has been reported that the grain boundary in polycrystalline materials can act as a site for carrier trapping. 34, 35 Because there are many trapping states of carrier in the grain boundaries, the energy band at the grain boundary is bent and the potential barrier is formed, 35, 36 which hinder the transportation of carrier from a grain to the neighboring ones. Therefore, the energy barrier contributes to the increase of resistance by reducing the carrier mobility. However, in this study the breakdown strength of AAM is improved in the template with a larger grain size. It is believed that the use of a large grain size of AAM lowers the template defect density ͑i.e., impurity atoms or segregation͒ 37 and improves the dielectric reliability. Such a result is consistent with that reported by Doda et al. 38 On the other hand, the internal mechanical stress 39 and oxygen vacancies induced by the preparation of AAM become relaxed after annealing. A long period heat treatment rearranges the cells and reduces the internal stress and the number of defects. Besides, the amounts of the singly ionized oxygen vacancies rapidly decrease with the increasing annealing temperature, because oxygen in air can enter into AAM and fill oxygen vacancies during heat treatment. 12 Therefore, the dielectric property and breakdown characteristic of the AAM template are largely improved after annealing treatment at a high temperature.
The characteristics of dielectric breakdown during EPD, apart from both the defects and microstructure of AAM, are also dependent on the applied voltage. Figure 5 shows the corresponding I-t curves for the EPD of ZnO suspensions deposited within AAM/Cu assembly electrode as a function of the applied voltages for the AAM template annealed at 450°C. The results show that the current value increases with the applied voltage. Moreover, the variation of current curve changes with the applied voltage. At a low applied voltage ͑Ϲ30 V͒, the current is found to decrease gradually with the increasing deposition time. The I-t curve is significantly different as compared with that at high voltage ͑60 V͒ in Figs. 4͑d͒ and 5͑e͒. According to the results shown in Fig.  4 , it indicates that the electric field is not enough to induce the AAM dielectric breakdown and the insulating behavior of AAM remains unaltered. In our previous study, 4 the ZnO nanoparticles were positively charged. However, the pore walls of the AAM were also reported to be positively charged. 40 Therefore, ZnO nanofibril arrays can be obtained at low applied voltages ͓see Fig. 2͑a͔͒ because of the electrostatic repulsion between ZnO particles and channel walls of AAM.
However, the phenomenum of the AAM dielectric breakdown is more obvious with the increasing applied voltage ͑м40 V͒. Thus, the AAM will change its charging state from positive to negative and the current increases quickly with time during the breakdown period. Besides, the timedependent diffusion regime ͑Region I͒ decreases with the increasing applied voltage, 41 as shown in Fig. 5͑c͒-5͑g͒ . The diffusion time decreasing with the increasing applied voltage may be due to the higher driving force for the electroactive species and ZnO particles to diffuse and deposit within the AAM/Cu electrode quickly. Because the dielectric breakdown of AAM makes the AAM walls carrying the same charge with the cathode, the positively charged particles are absorbed on the pore walls of the AAM channels and oneside opened tubule arrays are obtained ͓see Fig. 2͑b͔͒ . All these results demonstrate that the control of the applied voltage, both fibril and tubule arrays can easily be prepared by the EPD process. Furthermore, it also suggests that the I-t curve is a useful tool to monitor the dielectric properties of AAM/Cu electrode during EPD process. Figure 6 shows the fibril percentage of ZnO nanowire arrays embedded in AAM as a function of the applied voltage for AAM samples prepared under different conditions. The fibril percentage of ZnO nanowire arrays was measured by observing the SEM top-view images of the as-prepared samples for more than 200 nanowires for each sample. The values for each condition were obtained from several pieces of samples and an average value of fibril percentage was determined. Three different morphologies due to the voltagedependent filling characteristics for two different AAM samples are observed, i.e., fibrils, tubules, and the mixed product. For both AAM samples, only ZnO nanofibril arrays can be obtained at low voltages ͑р30 V͒. However, when the voltage applied on the as-received AAM increases to above 60 V, the product changes from fibril to tubule form and the transition region with mixed forms of product occurs at intervenient voltages. However, for an AAM sample annealed at 450°C, ZnO tubule arrays could only be obtained at above 70 V and the mixed products occur at between 30 and 70 V. Generally, the breakdown of samples occurs by a suddenly large increase of the current at the breakdown voltage. This originates from the formation of a highly conducting localized path, shunting down the remaining tunneling resistance. 42 Therefore, the curve of fibril percentage is found to transit so rapidly with the increase of the voltage, which could furthermore support the mechanism of dielectric breakdown in controlling the filling characteristics for array fabrication as illustrated in Fig. 5 . Moreover, the reason that the tubule arrays for the as-received AAM sample form earlier at lower voltages than that found for samples annealed at 450°C, may be due to the better dielectric property and different microstructure characteristics of AAM after heat treatment as shown in Figs. 3-5 .
IV. SUMMARY
A study for the annealing effects on microstructure and dielectric breakdown of amorphous AAM templates were carried out, and the related deposition characteristics of the deposits are also discussed. The results show that the dielectric properties of AAM/Cu electrode are very sensitive to the annealing temperature of the AAM template and the applied voltage. The breakdown strength of AAM is improved as the microstructure changes from amorphous into crystalline structure and the grain size increases after annealing. The I-t curves and the deposition characteristics during the EPD process vary with the breakdown behavior of AAM samples and applied voltage used.
